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v Preface
This handbook is an encyclopedic treatment of chemical elements and their most important compounds intended for professionals and students in many areas of chemistry throughout the manufacturing, academic, and consulting communities. Chemicals are presented in alphabetical order in a descriptive format highlighting pertinent information on physical, chemical, and thermodynamic properties of chemicals, methods of preparation, industrial applications, chemical analyses, and toxic and hazardous properties. Synonyms, CAS Registry Numbers, brief history of discovery and natural occurrence are provided for many entries. The objective is to provide readers a single source for instant information about important aspects each substance. In this sense it should serve as a combination handbook and encyclopedia.
Readers may note three unique features in this text. First, there is a substantial discussion of chemical reactions of all elements and many of their compounds, a practice abandoned nowadays by most modern reference and handbooks. Second, analytical methods are presented for identification and measurement of practically all entries. In many instances, the method is based on my own research and experience. Third, a preparation method is given for all entries. For most compounds, more than one preparative method is presented, covering both laboratory and commercial production. Also, a brief history of the discovery and early production of selected elements is presented to serve as background against which modern methods may be judged and historical perspective maintained.
It has been a hard task indeed to select a limited number of compounds from among over one hundred thousand inorganic chemicals used in industry. Because of space limitations, only a small number have been selected as main entries, but many more have been cited under each entry.
I hope that you find this book useful, and that you will let the publisher and me know how we may make it more useful to you.
Pradyot Patnaik,
Burlington, NJ. November, 2001 Introduction All of the elements and many important compounds are presented in this reference. Substances are arranged in alphabetical order. Each entry topic is discussed briefly below.
Elements
Chemical names are followed by Chemical Abstract Service (CAS) registry numbers. This is followed by symbols, atomic numbers, atomic weights, group numbers in the Periodic Table ( the older but more common CAS system and the present IUPAC Group numbers given in parentheses), electron configuration, valence states, most stable oxidation states, and atomic and ionic radii. Naturally occurring stable isotopes, abundance, artificial radioactive isotopes and longest-and shortest-lived radioisotopes with half-lives are presented for all elements. Additionally for many elements, electronegativity and standard electrode potential data are presented. The next section under "Elements" is subtitled "History, Occurrence and Uses." This includes a brief history of chemical discoveries and the origin of their names and symbols, natural occurrence, principal minerals, abundance in the earth's crust and in sea water and principal uses. Uses include commercial applications, preparative reactions, analytical applications and other laboratory reactions. More general information is provided in this section.
The "Physical Properties" are listed next. Under this loose term a wide range of properties, including mechanical, electrical and magnetic properties of elements are presented. Such properties include color, odor, taste, refractive index, crystal structure, allotropic forms (if any), hardness, density, melting point, boiling point, vapor pressure, critical constants (temperature, pressure and volume/density), electrical resistivity, viscosity, surface tension, Young's modulus, shear modulus, Poisson's ratio, magnetic susceptibility and the thermal neutron cross section data for many elements. Also, solubilities in water, acids, alkalies, and salt solutions (in certain cases) are presented in this section.
Under the title "Thermochemical Properties," both thermodynamic and thermal properties appear. These include thermodynamic properties, enthalpies of formation, Gibbs free energy of formation, entropies and heat capacities, and thermal properties such as thermal conductivities, coefficient of linear expansion, heat of fusion, and the heat of vaporization.
Under the "Recovery" or "Production" mining of ores, ore opening, separation, and isolation into pure elements are touched upon briefly.
The "Reactions" section highlights only important reactions that include formation of binary compounds, oxo salts, and complexes.
The "Analysis" section includes qualitative identification and quantitative measurement of the element in free elemental form or its compounds and alloys.
"Toxicity" or "Hazard" sections are presented last to illustrate dangerous properties of elements and compounds that are toxic, flammable, explosive, or otherwise harmful.
Compounds
Compounds of the elements are also presented in similar format. This includes CAS Registry Numbers, formulas, molecular weights and the hydrates they form (if any). This is followed by occurrence (for naturally occurring compounds) and industrial applications. The section on "Physical Properties" covers the color, crystal structure, density, melting and boiling points and solubilities of the compounds in water, acids, alkalies and organic solvents.
"Thermochemical Properties" mostly covers heats of formation, Gibbs free energy, entropies, and heat capacities. For many compounds, heats of fusion and vaporization are included.
Under the heading "Preparation" or "Production," preparative processes are described briefly. Chemical equations are shown wherever applicable. While "Preparation" refers to laboratory method or a general preparative method, the term "Production" refers to commercial manufacturing processes. For many compounds both historical preparative methods and those in common use are described.
The section "Analysis" starts with elemental composition of the compound. Thus the composition of any compound can be determined from its elemental analysis, particularly the metal content. For practically all metal salts, atomic absorption and emission spectrophotometric methods are favored in this text for measuring metal content. Also, some other instrumental techniques such as x-ray fluorescence, x-ray diffraction, and neutron activation analyses are suggested. Many refractory substances and also a number of salts can be characterized nondestructively by x-ray methods. Anions can be measured in aqueous solutions by ion chromatography, ion-selective electrodes, titration, and colorimetric reactions. Water of crystallization can be measured by simple gravimetry or thermogravimetric analysis.
A section on "Toxicity" is presented in many entries for poisonous and carcinogenic substances. If a substance is flammable or explosive or toxic, the section is subtitled "Hazard." Only substances that manifest poisoning effects even at small doses or are highly corrosive, or highly flammable or reactive are mentioned in this section, although most substances can be hazardous at high doses or under unusual conditions. 
Definitions General and Physical Properties
Electron configuration of an atom indicates its extranuclear structure; that is, arrangement of electrons in shells and subshells. Chemical properties of elements (their valence states and reactivity) can be predicted from electron configuration.
Valence state of an atom indicates its power to combine to form compounds. It also determines chemical properties.
Electronegativity refers to tendency of an atom to pull electrons towards itself in a chemical bond. Nonmetals have high electronegativity, fluorine being the most electronegative while alkali metals possess least electronegativity. Electronegativity difference indicates polarity in the molecule.
Ionization potential is the energy required to remove a given electron from its atomic orbital. Its values are given in electron volts (eV).
Isotopes are atoms of the same elements having different mass numbers. Radioisotopes are the isotopes of an element that are radioactive or emit ionizing radiation. All elements are known to form artificial radioactive isotopes by nuclear bombardment.
Half-life of a radioactive isotope is the average time required for one-half the atoms in a sample of radioactive element to decay. It is expressed as t 1/2 and is equal to: t 1/2 ϭ ln 2/λ , where λ is a decay constant.
Atomic radius refers to relative size of an atom. Among the main group of elements, atomic radii mostly decrease from left to right across rows in the Periodic Table. Going down in each group, atoms get bigger. Ionic radius is a measure of ion size in a crystal lattice for a given coordination number (CN). Metal ions are smaller than their neutral atoms, and nonmetallic anions are larger than the atoms from which they are formed. Ionic radii depend on the element, its charge, and its coordination number in the crystal lattice. Atomic and ionic radii are expressed in angstrom units of length (Å).
Standard electrode potential is an important concept in electrochemistry. Standard potentials for many half-reactions have been measured or calculated. It is designated as Eϒ and expressed in volts (V). From the values of E°one can ix predict if a species will be oxidized or reduced in solution (under acidic or basic conditions) and whether any oxidation-reduction reaction will take place.
Solubility data are presented for practically all entries. Quantitative data are also given for some compounds at different temperatures. In general, ionic substances are soluble in water and other polar solvents while the non-polar, covalent compounds are more soluble in the non-polar solvents. In sparingly soluble, slightly soluble or practically insoluble salts, degree of solubility in water and occurrence of any precipitation process may be determined from the solubility product, Ksp, of the salt. The smaller the Ksp value, the less its solubility in water.
Hardness measures ability of substances to abrade or indent one another. Several arbitrary scales have been developed to compare hardness of substances. Mohs hardness is based on a scale from 1 to 10 units in which diamond, the hardest substance, is given a value of 10 Mohs and talc given a value of 0.5.
Vapor pressure is exerted by a solid or liquid in equilibrium with its own vapor. All liquids have vapor pressures. Vapor pressure depends on temperature and is characteristic of each substance. The higher the vapor pressure at ambient temperature, the more volatile the substance. Vapor pressure of water at 20ºC is 17.535 torr.
Refractive index or index of refraction is the ratio of wavelength or phase velocity of an electromagnetic wave in a vacuum to that in the substance. It measures the amount of refraction a ray of light undergoes as it passes through a refraction interface. Refractive index is a useful physical property to identify a pure compound.
Temperature at the critical point (end of the vapor pressure curve in phase diagram) is termed critical temperature. At temperatures above critical temperature, a substance cannot be liquefied, no matter how great the pressure. Pressure at the critical point is called critical pressure. It is the minimum pressure required to condense gas to liquid at the critical temperature. A substance is still a fluid above the critical point, neither a gas nor a liquid, and is referred to as a supercritical fluid. The critical temperature and pressure are expressed in this text in ºC and atm, respectively.
Viscosity is a property of a fluid indicating its resistance to change of form (or resistance to flow). It is expressed as g/cm sec or Poise; 1 Poise ϭ 100 centipoise.
Surface tension occurs when two fluids are in contact with each other. This is caused by molecular attractions between the molecules of two liquids at the surface of separation. It is expressed as dynes/cm or ergs/cm 2 . Modulus of elasticity is the stress required to produce unit strain to cause a change of length (Young's modulus), or a twist or shear (shear modulus), or a change of volume (bulk modulus). It is expressed as dynes/cm 2 .
Thermochemical and Thermal Properties
The enthalpy of formation, ∆H f°, is the energy change or the heat of reaction in which a compound is formed from its elements. Two examples are shown below:
The ∆H f°i n the above reactions are -235.68 and -11.02 kcal/mol, respectively. In the second case, the value of ∆H f°i s one-half of ∆H rxn since two moles of NH 3 are produced in the reaction. Also note that ∆H f°r efers to the formation of a compound from its elements only at the standard state (25°C and 1 atm) , and not the formation from other compound(s).
The term ∆G f°r efers to the standard free energies of formation of compounds at 25°C and 1 atm. Its relation with enthalpy change, ∆H, and entropy change, ∆S, at a temperature T (in °K) can be expressed as:
The value of ∆G f°c an be calculated from the above equation and from other equations also.
Entropy is a thermodynamic quantity that is a measure of disorder or randomness in a system. When a crystalline structure breaks down and a less ordered liquid structure results, entropy increases. For example, the entropy (disorder) increases when ice melts to water. The total entropy of a system and its surroundings always increases for a spontaneous process. The standard entropies, S°are entropy values for the standard states of substances.
Heat capacity, C ρ is defined as the quantity of thermal energy needed to raise the temperature of an object by 1°C. Thus, the heat capacity is the product of mass of the object and its specific heat: C ρ ϭ mass ϫ specific heat Specific heat is the amount of heat required to raise the temperature of one gram of a substance by 1°C. The specific heat of water is 1 calorie or 4.184 Joule.
The heat of fusion, ∆H fus is the amount of thermal energy required to melt one mole of the substance at the melting point. It is also termed as latent heat of fusion and expressed in kcal/mol or kJ/mol.
The heat of vaporization, ∆H vap, is the amount of thermal energy needed to convert one mole of a substance to vapor at boiling point. It is also known as latent heat of vaporization and expressed kcal/mol or kJ/mol.
Thermal conductivity measures the rate of transfer of heat by conduction through unit thickness, across unit area for unit difference of temperature. It is measured as calories per second per square centimeter for a thickness of one centimeter and a temperature difference of 1°C. Its units are cal/cm sec.°K or W/cm°K.
The coefficient of linear thermal expansion is the ratio of the change in length per degree C to the length at 0°C.
Analysis
All metals at trace concentration, or in trace quantities, can be analyzed by atomic absorption (AA) spectrophotometry in flame or graphite furnace (electrothermal reduction) mode. A rapid, multi-element analysis may use advanced instruments available commercially. Also, Inductively Coupled Plasma Atomic Emission Spectrophotometric methods (ICP-AES) are rapid, versatile, and multi-element analytical methods. They offer certain advantages over flame or furnace AA. ICP/MS (mass spectrometry) is the most sensitive technique because it provides a detection level over one hundred times lower than AA or ICP. For all such analyses, solid compounds must be dissolved in water by acid digestion or alkali fusion. Other instrumental techniques for metal analyses include x-ray fluorescence, x-ray diffraction, neutron activation analysis, and ion-specific electrode methods. Also, colorimetric methods that are prone to interference effects may be applied to identify metals in their pure salts.
Anions may be measured best by ion chromatography, using appropriate anion exchange resin columns that are available commercially. Salts may be diluted for such measurements. Ion-selective electrode methods also yield satisfactory results at trace concentrations. Numerous colorimetric methods are reported in literature. They are susceptible to erroneous results when impurities are present. Many titration methods are available in analytical chemistry. They may be applied successfully to measure certain anions, oxidizing and reducing substances, acids, and bases.
Thermogravimetric analysis (TGA) and the differential thermal analysis (DTA) may be used to measure the water of crystallization of a salt and the thermal decomposition of hydrates.
Substances also can be identified from physical properties such as density, melting and boiling points, and refractive index. Elemental analysis can confirm the identity of a compound.
Hazard
Toxicity of many entries are expressed quantitatively as LD 50 (median lethal dose) or LC 50 (median lethal concentration in air). The latter refers to inhalation toxicity of gaseous substances in air. Both these terms refer to the calculated concentration of a chemical that can kill 50% of test animals when administered.
A substance is usually termed "flammable" if its flash point is below 100°F (38°C). 
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